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Introduction
Additional frequency modulations added to the main Doppler component of moving targets are known as micro-Doppler, and are related to rotating and vibrating parts of vehicles and aircraft, or to the swinging motion of limbs and body in case of human micro-Doppler [1, 2] . Target identification and classification based on micro-Doppler signatures have been investigated over a number of years for a variety of applications in security, warfare, search and rescue context [3, 4] . It has been shown how human microDoppler signatures collected using a monostatic radar system and analysed through Short Time Fourier Transform (STFT) can be used to discriminate between animals and humans [5, 6] , to distinguish between different activities performed by different people such as running, walking, crawling [7, 8] or to identify different people performing the same activity on the basis of different micro-motion patterns [9] , and even to potentially distinguish between men and women [10] .
As the micro-Doppler signature depends on the cosine of the aspect angle, i.e. the angle between the radar line of sight and the trajectory of the target, the classification performance may be degraded when this angle approaches 90° as the micro-Doppler signature will be strongly attenuated. In [11] it is for instance reported that the classification performance drops below 40% for aspect angles close to 90°, whereas in [7] it is shown that for smaller aspect angles up to approximately 30° the micro-Doppler signatures are only scaled and therefore can be still used to extract features and perform classification.
Bistatic and multistatic radar systems have been proposed as a solution to this issue, as multiple radar nodes could be deployed in suitable geometries so that there is always at least one node able to illuminate the target from favourable aspect angles. Rather little research has been presented on human micro-Doppler classification based on experimental data from bistatic/multistatic radar systems, especially for the case of multiple individuals being measured simultaneously. It has been shown how a single spectrogram can be created by fusing partial spectrograms from different nodes of a radar network, and how this final spectrogram can be used to perform feature extraction and classification [12, 13] . However this study used simulated data created through the Boulic kinematic model and not actual experimental data. In [14] a bistatic radar system was used to detect the trajectory of oscillation of mechanical objects, such as a pendulum, and the direction faced by people while performing actions such as picking up objects and swinging arms. In [15] improved classification accuracy is achieved when jointly using data from a monostatic radar and from an acoustic bistatic system compared with using the monostatic system on its own. The work in [16] , performed with the same multistatic radar system used in this paper, presented the experimental micro-Doppler signatures of people walking and running in different directions and compared them with simulated results. It was shown that multistatic micro-Doppler contains more information than the monostatic case, hence techniques for automatic target recognition are expected to perform better when multistatic information is available.
Our previous work in [17, 18] focused on the classification of armed vs unarmed personnel walking on the spot, investigating the effect of different aspect angles and of different ways of combining multistatic information on the classification accuracy. Empirical features extracted from the spectrograms, such as bandwidth, period, Doppler offset, and radar cross section (RCS) ratio, were used as input to the classifier and good results were achieved with classification accuracy of approximately 90% or above for the most favourable aspect angles and features. In [19] we expanded the previous work by analysing multistatic data with people walking in a realistic manner, not on the spot, and by comparing the classification accuracy when using conventional empirical features and a new feature based on Singular Value Decomposition (SVD).
The analysis presented in this paper aims at expanding the previous work with significant elements of novelty. The classification performance of the SVD based feature is investigated as a function of the different variables involved in the classification process, such as the duration of the data used for feature estimation, the size of the training data set for the classifier, the duration of the window and the overlap used to calculate the spectrograms. This analysis aims at establishing to what extent it is possible to have a faster and less computationally intensive classification procedure, with shorter duration of the data required for feature estimation and reduced spectrogram overlap, and still achieve good classification performance with accuracy above 90-95%. Another important element of novelty is the analysis of data where two people are simultaneously and closely walking in the same direction and at similar speed. To the best of our knowledge no report of data of this kind is available in the literature. The focus of the study is on the ability of discriminating between the case where both people are unarmed and the case where only one of them is armed, which is particularly challenging as the two people are not easily distinguishable in range and their micro-Doppler signatures are overlapped. New features based on the Doppler centroid and bandwidth of the micro-Doppler signatures are proposed to identify potentially armed personnel for both data with a single person walking, and data with two people walking. These features appear to be suitable and provide classification accuracy in the range of 75-95%, depending on the aspect angle between the target trajectory and the radar baseline, as well as on the duration of the data used for feature extraction. It should be also noted that both SVD based feature and centroid based feature are applied directly to the spectrogram without any pre-processing step which may be required for the estimation of empirical features to take into account changes in walking speed (acceleration and deceleration) within the same measurement or in repeated measurements of the same activity. Furthermore, the features analysed in this paper appear to provide good classification accuracy (90% and above) when used on their own, whereas several empirical features may need to be combined together to achieve similar performance, requiring more complex classifiers and more computation. For instance in [7] it is shown that at least 4 features are required to get accuracy higher than 90%, and in [8] even ten empirical features are necessary.
The paper is organised as follows. Section 2 presents the experimental setup and the radar system used to collect the data. Section 3 describes the analysis performed on the data, in particular the extraction of the SVD based feature and the tests on its suitability to classify single armed vs unarmed person data, as well as the use of the proposed centroid based features to successfully classify even micro-Doppler signatures with two people. Section 4 concludes the paper and discusses future work.
Radar systems and measurement setup
The data presented in this paper were collected using the multistatic radar system NetRAD, which has been developed over the past decade at University College London [20] . NetRAD is a coherent pulsed radar consisting of three separate but identical nodes and operates at 2. Fig. 1a shows the geometry of the experiment with the three NetRAD nodes deployed along a linear baseline with 50 m inter-node separation, and a grid of six zones where the subjects taking part in the experiment were walking from the middle of the zone towards the baseline as indicated by the six arrows. This was done to mimic the surveillance of an area divided into zones of interests by the radar and to evaluate possible fluctuations in the classification performance in different zones. Node 1 was used as monostatic transceiver, with node 2 and node 3 as bistatic receivers. The resulting bistatic angles for each zone and for each pair of transmitter-receiver nodes are shown in Table 1 , with values varying between 26.2° and 39.1°. Data with only a single person walking were recorded, with an equal number of repetitions with the person walking with free hands (hereafter referred to as "unarmed" case) and with the person holding a metallic pole representing a rifle (hereafter referred to as "armed" case). The pole was held using both hands in manner similar to that in which a real rifle would be held, and its size was comparable to that of a real rifle, hence this is expected to have a realistic effect on the walking gait of the person and on its micro-Doppler signature as shown in our previous works [17] [18] [19] . Two people took part In each of these recordings the individuals were walking towards the networked radar on the baseline, or perpendicular in the case of aspect angles 4 and 5, and no data were recorded for the individuals walking away from the radar. Part of this work focuses on the classification between these two situations, i.e. when two people are walking closely in the same direction and both are unarmed, or one is armed and one is not. This is expected to be challenging, as both targets are in the same range bin (the range resolution of NetRAD with 45 MHz bandwidth is approximately 3.3 m) and their micro-Doppler signature is overlapped (both people walking along the same trajectory with similar speed). The total number of recordings for these challenging double target data is 270, assuming 3 nodes, 3 classes (both people unarmed, both people armed, only one person armed), 5 aspect angles, and 6 repetitions per class. 
Data Analysis
The recorded data were processed through STFT to characterize the micro-Doppler signature in the armed vs unarmed case through features that can be extracted from the spectrograms, as in [6] [7] [8] [9] . The STFTs were initially calculated using 0. 
Single target data
Spectrograms of data related to a single armed vs unarmed person have been classified using SVD based features, expanding our previous work in [19] . Assuming the spectrogram is a given matrix of values M, and their discrimination from birds [21] , showing that it can reduce the dimensionality of the feature space and that physical characteristics of the target (e.g. velocity and periodicity of the motion) are related to SVD vectors. The SVD based feature identified in our previous work [19] , namely the standard deviation of the first right singular vector, has been used to classify the new set of data presented in this paper and its robustness with respect to the many parameters involved in the analysis has been investigated.
Initially a feature sample has been extracted from 2.5 s of data, hence each 5 s spectrogram produces 2 feature samples. The total number of feature samples for each zone shown in Fig. 1 is therefore 120, considering 20 recording per node (5 armed and 5 unarmed for each of the two people taking part to the experiment), 2 feature samples per node, and 3 nodes. Table 2 shows the classification accuracy results per zone and averaged across all the six zones for different classifiers and different ways of using multistatic data. The classifiers used were the diagonal-linear variant of the discriminant analysis classifier and the Naïve Bayes classifier, which have been described in details in previous work [18, 19, 22] .
Both classifiers were trained with 20% of the data and tested on the remaining amount of data. The classification error is calculated as the ratio of total misclassification events (sum of armed events mistaken for unarmed and vice versa) over the total number of samples. This process is repeated 30 times with different and randomly selected training data to remove possible bias in the training data and to obtain the average classification error. The accuracy in percentage is just 100 % minus this error. The use of only monostatic data as from a conventional radar has been compared to two different methods of exploiting information from multistatic radar nodes in terms of classification accuracy. The first method uses all feature samples at a single and centralized classifier which provides the final decision. The second method uses three separate classifiers at each node, and the partial decisions from each of them are used to derive a final decision through a binary voting process, i.e. the final decision is the one taken by at least two out of three classifiers. Table 2 shows that the classification performance appears to be very good, with average accuracy per zone above 90% for the discriminant analysis classifier and above 95% for the Naïve Bayes. A clear improvement when using the binary voting approach with multistatic data can be seen in comparison with using monostatic data only, or multistatic data at a centralized classifier. Fig. 3 shows through colour maps the classification accuracy per zone when the binary voting approach are used for both classifiers. The classification performance appears to be fairly uniform across the six zones, with a difference of approximately 3% between the highest and lowest results when using the Naïve Bayes, whereas there is slightly more variability per zone using the discriminant analysis classifier, with approximately 9% between lowest and highest values. The classification accuracy tends to be higher for the three zones closer to the radar nodes. The robustness of the proposed SVD based feature for armed vs unarmed classification has then been tested as a function of the duration of the data used for feature extraction. The spectrograms have been divided in blocks from 0.5 s to 5 s (whole recording) and each block has been used to estimate one feature sample. Table 3 shows the classification accuracy averaged over zones for two different sizes of the training dataset, namely 20% and 40%, as a function of the data duration used for feature extraction. The multistatic data were combined with the binary voting approach. When the classifiers are trained with 40 % of the data, the accuracy appears to increase for both types of classifiers with increasing duration of the data used for feature extraction, up to values of approximately 99% for the Naïve Bayes and 95% for the discriminant analysis classifier. When the classifiers are trained with 20% of the data, the classification accuracy decreases for data duration longer than 3 s processed by the Naïve Bayes classifier (from approximately 98% to 93%), whereas this does not appear to happen for the discriminant analysis classifier. The effect of other two parameters has been tested, namely the duration of the window and the overlap percentage when calculating the spectrograms. The effect of such parameters is generally not extensively investigated in other human micro-Doppler related papers, but it is interesting to evaluate to what extent it is possible to simplify and speed up the calculation of the spectrograms with longer window and reduced overlap, and still be able to perform good classification. The results of this analysis averaged over the six zones are shown in Table 4 , with three window lengths considered (0.3 s, 0.5 s, and 0.7 s) and four values of overlap (95%, 75%, 50%, and 25%). Fig. 5 represents the results in Table 4 through colour maps for more easiness of reading. A trend of decreasing accuracy moving from higher (95-75%) to lower (50% and even more 25%) overlap can be seen from the data. Another noticeable trend is the fact that the classification accuracy increases with increasing spectrogram window when the overlap is high (95% to 50% for the discriminant analysis classifier and 95% to 75% for Naïve Bayes classifier), but the accuracy decreases with increasing spectrogram length when low overlap is used. These results appear to be in line with those in [9] , where the authors report that they required overlap of at least over 40% to achieve good classification The best result overall appears to be the use of 0.7 s window with 95% overlap and binary voting approach, but only a slight reduction of performance of less than 2% is reported when using lower overlap at around 75% and 50%. An example of unarmed vs armed spectrograms calculated with 0.7 s window and 50%
overlap is shown in Fig. 6 . The data are the same used to generate Fig. 2 . A clear difference between the two cases armed vs unarmed can still be seen empirically, in particular the different range of frequencies occupied by the micro-Doppler signature, hence the proposed SVD based classification approach is expected to work well as the results in Table 4 show. Samples of the SVD based feature used to analyse the single target data have been also extracted from the double target data to check the expected classification performance. An example of these samples extracted from the monostatic node data for both people walking along aspect angle 1 are shown in Fig. 8a . The samples related to the two situations where both people are unarmed and where only one person is armed appear to be mixed, without a clear separation between the two classes, hence it is expected that a classifier will perform poorly on these samples.
New features based on the Doppler centroid and bandwidth of the spectrogram have been tested in order to provide better separation between the two double target data classes of interest. Doppler centroid and bandwidth are defined respectively in equation (1) and (2) feature. In this case the data were collected at aspect angle 1, as shown in Fig. 1 . It is believed that the SVD based feature is simply related to the overall range of Doppler frequencies covered by the micro-Doppler signature, whereas the centroid based features can take into account how the signature energy is spread within that range of frequencies, whether this is more or less spread from the main Doppler component.
The centroid features can therefore help discriminate between two micro-Doppler signatures with similar overall bandwidth as those in Fig. 7a and 7b , whereas the SVD feature cannot. Classification of the double target data aiming at distinguishing the cases when both people are unarmed and only one person is armed has been performed using the two aforementioned centroid based features.
Results using the Naïve Bayes classifier trained with 40% of the available data are shown in Fig. 9 as a function of the different data duration used to extract features and for each considered aspect angle, assuming to combine multistatic data with the binary voting approach. The classification accuracy is higher, consistently above 80, for aspect angles 1 to 3, where the subjects were walking towards one of the nodes in the baseline, whereas it decreases for aspect angle 4 and 5, where the subjects were walking parallel to the baseline, hence their Doppler signatures were much attenuated, as seen previously in [18] . At a given aspect angle, the data duration used for feature extraction has an impact on the accuracy with differences up to 10%. It is also interesting to observe that the optimal duration (i.e. that providing the best classification accuracy) changes with different aspect angles, suggesting that for an actual system operating in real time in the field the optimal feature extraction approach will depend on the target trajectory.
Examples of confusion matrices are shown in Table 5 for three different aspect angles and for two data durations used for feature extraction, namely 1s and 3s. The case with both people unarmed has been labelled as 'walk-walk', whereas the case when only one of the two people is armed has been labelled as 'walk-rifle'. The overall classification accuracy improves with longer data duration for feature extraction from1 s to 3 s, as shown in Fig. 9 for these three aspect angles. Looking at the misclassification events, it would appear that it is more likely to have a 'walk-walk' event mistaken for a 'walk-rifle' event rather than the opposite situation, i.e. it is more likely to have a false alarm when a detection of armed personnel is incorrectly declared. Figure 9 Classification accuracy per aspect angle using centroid based features as a function of data duration for feature extraction (two-class problem) The double target data have also been classified as a three-class problem, aiming at distinguishing between the three cases where both people are armed, both people are unarmed, and only one of the two people is armed. Fig. 10 shows the classification accuracy as a function of aspect angles and data duration for feature extraction, and Table 6 shows a few examples of confusion matrices. In these cases the classifier used was the Naïve Bayes, trained with 40% of the available data, and the binary voting approach was used to combine multistatic data. The reduction in classification accuracy in comparison with the results in Fig. 9 are related to working with three rather than two classes, but some of the trends observed are the same. For instance the classification accuracy is much higher for aspect angles 1 to 3 (target trajectory towards one of the nodes in the baseline) than for angles 4 and 5 (target trajectory parallel to the baseline, hence attenuated micro-Doppler signatures). Also, a trend of increasing accuracy with increasing duration of the data used for feature extraction can be seen, with a particularly significant improvement at aspect angle 4. Looking at Table 6 , it can be seen that on average it is most likely to have a misclassification event between a 'walkrifle' event (only one person armed) and a 'rifle-rifle' event (both people armed), whereas the 'walk-walk' event (both people unarmed) shows the highest rate of successful classification. The effectiveness of the proposed centroid based features has been also tested on the single target data analysed earlier in this work, aiming at distinguishing armed vs unarmed personnel (two-class problem). Samples of these features have been used as input to classifiers based on discriminant analysis and Naïve Bayes classifier. The samples for both features can be extracted directly from the spectrograms, without preliminary processing steps which may be needed when estimating more empirical features, such as periodicity, bandwidth, and oscillation of the main body, which are more directly related to the kinetics of the movement.
The analysis has investigated the robustness of the SVD based feature as a function of several parameters involved in the classification process, such as the size of the training set used for classifier, the duration of the data used to estimate a feature sample, and the window length and overlap when calculating the spectrogram. It has been shown that good classification performance with accuracy above 95% can be achieved using the Naïve Bayes classifier and the binary voting approach of exploiting multistatic data for a wide combination of values of such parameters. In particular, compared with previous preliminary results [19] , the performance appears to be good even using shorter data for feature extraction (1 second or even 0.5 s for some zones rather than 2.5 s) and less intensive and faster spectrogram calculation with longer window and reduced overlap (0.7 s and 50% rather than 0.3 s and 95%). This may be advantageous for a faster and lighter implementation in the field of the proposed technique.
Data with two people walking in the same directions have also been analysed, presenting the challenging of discriminating between the case where both people are unarmed and the case where only one of them is armed, as the two targets have overlapped micro-Doppler signatures and they are not separable in range being closer than the radar range resolution. The analysis has shown that the SVD based feature is not appropriate to classify this kind of data, but the proposed centroid based features are suitable and can provide good classification performance. Classification accuracy in the range 85-95 % can be achieved at the most favourable aspect angles, i.e. those for which the subjects walked towards one of the radar nodes on the linear baseline, whereas the accuracy decreases down to 75-85% at aspect angles for which the subjects walked parallel to the baseline. The effect of different data duration for feature extraction on the classification performance has been also investigated, showing that the optimal duration for best classification accuracy changes with different aspect angles.
Future work will consist of gathering additional data with single and double target, aiming at having more subjects with different body types and walking along different trajectories in order to validate the proposed centroid based feature with a larger dataset. Another interesting extension of this work will be the analysis of the classification performance in multiple zones, adding more zones to the six considered in this work to obtain an increased variability in bistatic angles and larger surveillance coverage. This will also be combined with different deployment geometries of the radar nodes rather than a simple linear baseline and is expected to be a further step towards a more realistic implementation in the field of the proposed techniques with the aim of surveying an area and different zones of interest.
